Background-Available data on the radiation burden from coronary computed tomography (CT) angiography (CCTA) are mostly limited to effective dose estimates. This study provides individualized estimates of doses and associated life attributable risks of radiation-induced cancer in a clinical patient population undergoing 256-slice CCTA. Methods and Results-Typical retrospectively and prospectively ECG-gated CCTA exposures in a 256-slice CT scanner were simulated on 52 patient-specific voxelized phantoms. Dose images depicting the dose deposition on the exposed region were generated, and normalized organ doses for all primarily irradiated radiosensitive organs were derived and correlated to patient body habitus. Lung, breast, and esophagus absorbed doses were then determined in 136 consecutive patients subjected to CCTA. Projected life attributable risks of radiation-induced cancer were estimated through the use of appropriate sex-, age-and organ-specific cancer risk factors and compared with corresponding nominal cancer risks. The total projected life attributable risk of radiogenic cancer after CCTA decreases steeply with age at exposure, and lung cancer constitutes the most probable detriment for both sexes. The relative risks of lung cancer associated with prospectively ECG-gated CCTA were 1.0032 and 1.0008 for women and men, respectively. The mean total projected life attributable risks were estimated to be 24.9Ϯ7.4 and 71.5Ϯ30.0 per 100 000 women undergoing prospectively and retrospectively ECG-gated CCTA, respectively. The corresponding values for men were 7.3Ϯ1.3 and 31.4Ϯ5.0 per 100 000 patients. Conclusions-The mean projected life attributable risks of radiation-induced cancer in a typical clinical patient cohort undergoing standard prospectively ECG-gated CCTA with a 256-slice scanner were found to inconsequentially increase the natural cancer incidence rates. (Circulation. 2010;122:2394-2402.) The online-only Data Supplement is available with this article at http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.109.935346/DC1. Correspondence to K. Perisinakis, PhD,
A part from improved diagnostic performance, coronary computed tomography (CT) angiography (CCTA) on 64-slice CT scanners is associated with high radiation burden for the examined patient. Despite the benefits of modern dose-sparing tools and techniques available, the mean effective dose from CCTA studies performed on 64-slice systems still remains relatively high. [1] [2] [3] [4] Prospective ECG gating seems to be the approach associated with the highest dose reduction in 64-slice CCTA. 2 Shuman et al 4 reported a mean patient effective dose for retrospectively and prospectively ECG-gated CCTA acquisitions of 18.1 and 4.2 mSv, respectively. Unfortunately, prospective ECG gating may not be always applicable for 64-slice CT scanners because this mode of operation is very vulnerable to varying heart rates or those Ͼ65 bpm. 5 Wide-area detector scanners have recently been released to broaden the use of low-dose, prospectively ECGgated CCTA to a much wider group of referred patients and to provide improved and more consistent image quality. 5, 6 Clinical Perspective on p 2402
There are very few reports on the radiation burden of patients undergoing CCTA with wide-area detector CT systems. Weigold et al 5 have reported a mean effective dose of 11.4 and 4.0 mSv for retrospectively and prospectively gated 256-slice CCTA, respectively. Similar values have been reported by Efstathopoulos et al 7 for the same scanner and by Hoe and Toh 8 for a 320-slice CT scanner. In all these reports, the radiation burden from CCTA was expressed in terms of effective dose calculated with the dose-length product (DLP) and a DLP-to-effective-dose conversion coefficient applicable for the chest and both genders. The female breast, however, is primarily exposed during CCTA; consequently, great differences between men and women are expected, whereas the dependence of organ radiosensitivity on age cannot be ignored. Moreover, DLP values were derived from the following: DLPϭCTDI vol ϫscanning length, where the volume CT dose index (CTDI vol ) is easily determined for the specific exposure settings from routine measurements using standard phantoms and equipment. However, the CTDI-based CT dosimetry may result in 20% to 30% underestimations for 20-to 40-mm-wide beams commonly used by 16-to 64-slice CT scanners. 9, 10 Inaccuracies are expected to be higher for beams of 80 mm or wider commonly used by state-of-the-art 256-and 320-slice CT scanners. According to the International Commission on Radiological Protection (ICRP), the recommended method to quantify radiation risks and to make risk-benefit assessments for patients undergoing CT examinations is to measure the dose absorbed by radiosensitive organs and to use organ-, age-, and sex-specific radiogenic cancer risk factors. 11 The present study was motivated by the limited dosimetric data on patients undergoing CCTA on wide-area detector CT scanners and the absence of data for the assessment of individualized radiation burden and lifetime attributable risk (LAR) of radiation-induced cancer associated with CCTA performed on modern CT scanners. The aims of the present study were to simulate standard CCTA exposures of a 256-slice CT scanner on patient-specific anthropomorphic voxelized phantoms, to assess individualized absorbed doses to the primarily irradiated radiosensitive organs for men and women subjected to typical CCTA with 256-slice CT scanners, and to estimate projected LAR of cancer induction for a typical patient cohort referred for CCTA.
Methods

Monte Carlo Simulation of CCTA and Determination of Normalized Organ Doses
A recently developed and validated 12, 13 Monte Carlo simulation software package for CT dosimetry (ImpactMC, Vamp GmbH, Erlangen, Germany) was used. This software is capable of generating patient-specific voxelized phantoms using the CT images derived from patients' scans. Any CT exposure may then be simulated on the voxelized phantom, taking into account scanner-specific exposure characteristics. The output is a series of transverse dose images in 1-to-1 correspondence to input CT images. A representative input CT image and the corresponding output dose image are shown in Figure 1 . Output dose images depict the dose absorbed by each voxel normalized to the free-in-air measurement of CTDI (CTDI F ) for the tube voltage, tube load, and beam collimation used during the exposure.
Raw CT data obtained from 26 consecutive men (mean age, 59.4 years; weight range, 69 to 130 kg) and 26 consecutive women (mean age, 60.6 years; weight range, 53 to 120 kg) subjected to chest CT were used to reconstruct series of consecutive, 2-mm-thick, transverse images. These image series were imported to ImpactMC, and 52 patient-specific voxelized phantoms were produced, with a voxel size of 0.98ϫ0.98ϫ2 mm. The scanner modeled was a 256-slice CT scanner (Brilliance iCT, Philips Healthcare, Best, the Netherlands). Data on the geometry, x-ray spectrum, and composition and dimensions of the filters of the scanners were included in the input data. For each voxelized phantom, standard retrospectively and prospectively ECG-gated CCTA exposures were simulated (120-kVp tube voltage, 128ϫ0.625 mm beam collimation). The prospectively ECG-gated exposure was simulated by 2 rotations in sequential mode with a table feed of 44.8 mm. The scanned length along the z axis was 124.8 mm. The retrospectively ECG-gated exposure was simulated by a spiral acquisition with a pitch of 0.18 and a nominal scan length of 125.1 mm along the z axis. Experimental details on the use of ImpactMC in the present study are provided in Appendix I in the online-only Data Supplement.
Output dose images, along with input CT images, were exported to Image J software package (Image J, version 1.38x Java, National Institutes of Health, Bethesda, Md). Normalized (to CTDI F ) organ doses (NODs) from a CCTA scan were determined by appropriately delineating organ contours. NODs were derived for all radiosensitive organs located in the primarily exposed body region during a CCTA scan (ie, lung, breast, and esophagus). Details are provided in Appendix I in the online-only Data Supplement. For each modeled patient, the chest circumference at the transverse CT image containing the central heart plane was measured. To investigate the effect of patient body size on NOD values, correlations between NOD and chest circumference were calculated with linear regression analysis.
Estimation of Organ Doses and Associated Radiation Risks in a Typical CCTA Patient Cohort
The absorbed doses to the primarily exposed radiosensitive organs were estimated for 136 consecutive patients (41 women and 95 men) who underwent CCTA in the Philips 256-slice CT scanner. Retrospectively ECG-gated spiral acquisition was used for only 6 women and 6 men presenting with heart rate Ͼ75 bpm and/or arrhythmia. Informed consent was obtained from all patients participating in the present study, and the study was approved by the institutional research review committee. For each patient, the absorbed organ doses were obtained by multiplying the patient-specific NOD values by the CTDI F for the specific patient's exposure settings. The NOD values were derived from regression equations for the specific patient's sex, body size, and acquisition mode used. The CTDI F for 120 kVp and 100 mA was measured with a pencil probe positioned free in air at the gantry isocenter and was then adjusted for the milliamperes used to scan that particular patient. The CTDI vol and the DLP values for each patient exposure were obtained from the operator's console for the specific exposure settings.
LARs of site-specific solid cancer incidence associated with a typical CCTA study were estimated with sex-and age-specific risk factors provided by the National Academies' committee on Biological Effects of lonizing Radiation (BEIR) report VII 14 and ICRP publication No. 103. 15 These reports provide the framework for estimating projected LAR of radiation-induced cancer resulting from low-level exposures to ionizing radiation. The projected LAR for a particular individual refers to the risk of developing a radiationinduced cancer at any time subsequent to the age at exposure. For each patient in the CCTA cohort, the projected LARs for radiogenic cancer to the lung and female breast were determined by multiplying organ doses by corresponding age-and sex-specific risk factors obtained from Table 12 D-1 of the BEIR-VII report. The LAR for the esophagus was estimated with the sex-specific risk factors provided in Table A .4-19 of ICRP publication No. 103. 15 Site-specific LARs were summed to provide a total cancer risk estimation for each patient subjected to CCTA.
The risk of cancer induction was also calculated from the DLP-derived effective dose values and total risk factors for cancer induction obtained from the BEIR-VII report. 14 The effective dose for each patient was calculated as the product of DLP, obtained from the operator's console for the specific exposure settings, and the most widely used DLP-to-effective-dose conversion factor for the adult thorax (ie, 0.014 mSv ⅐ mGy Ϫ1 cm Ϫ1 ). 16 For the patients subjected to prospectively ECG-gated CCTA, the projected LARs of cancer associated with other relevant medical exposures such as diagnostic cardiac angiography and coronary artery calcification screening were also estimated. These LARs were estimated for each patient separately using BEIR-VII sex-and age-specific factors for all solid cancers, along with recently published estimates of respective effective doses. Following the same methodology and assuming typical organ doses, we estimated LARs of lung and breast cancer associated with lung and breast screening, respectively, per patient. Recently published data 17 were used to estimate lifetime intrinsic risks of breast and lung/bronchus cancer for each patient subjected to CCTA, given alive and not diagnosed with cancer at the time of exposure. These lifetime intrinsic risks were used to derive CCTA-related relative risks (RRs) of lung or breast cancer for the examined patient cohort, which were subsequently compared with miscellaneous RRs of lung or breast cancer. The CCTA-related RR denotes the projected increase, inflicted by CCTA exposure, in the lifetime risk of developing malignancies (ie, a RR of 1 indicates no additional risk).
Statistical Analysis
Continuous data are presented as meanϮSD (range). Association between 2 variables was determined by linear regression analysis. Tests for normality were performed with the Shapiro-Wilk test. The statistical software package OriginPro 7.0 (OriginLab Corp, Northampton, Mass) was used. The correlation coefficient (r) and the P value were used to evaluate goodness of fit. A value of PϽ0.05 was required to consider a test significant.
Results
Results of regression analysis between the NODs and chest circumference for all primarily exposed radiosensitive organs are shown in Table 1 . The absorbed doses to female breast, lung, and esophagus were found to have a negative correlation with patient body size (PϽ0.01). Mean organ doses and projected LARs of radiation-induced cancer from typical CCTA scans are presented in Table 2 . In women, the main contribution to total cancer LAR was found to come from lung exposure despite the breast absorbing a higher dose than the lung. Compared with breast cancer, the LAR of esophagus cancer was much lower (ie, about 3 times lower). In men, the main contribution to total cancer LAR was also found to result from lung exposure, whereas the LAR of esophagus cancer was much lower. The total cancer LAR estimated as the sum of site-specific LARs versus patient age is shown in Figure 2 .
Compared with prospective CCTA scans, retrospective acquisitions were associated with 3-and 4-times higher radiation risk for women and men, respectively. For the same acquisition protocol, the projected LAR of radiation-induced cancer was much higher for women compared with men.
The majority of the referred patients (ie, Ͼ90%) were scanned with the prospectively ECG-gated protocol ( Table  2 ). In men subjected to prospectively ECG-gated CCTA, the use of the DLP method results in an effective dose and a radiogenic risk 2.4 and 2.1 times higher, respectively, than the corresponding values derived from organ dose data. The use of the DLP method in women scanned with the prospective protocol resulted in a similar effective dose and a 30% lower radiogenic risk compared with the organ dose-based estimations.
Estimates of absolute and RRs of breast and lung cancer, as well as total cancer LAR, for the CCTA patient cohort scanned with the prospective protocol were averaged over 3 age spans and are presented in Table 3 . 18 -26 Total projected LARs of solid cancer associated with a single prospective CCTA scan compare favorably with projected LARs at the age of the CCTA exposure related to either diagnostic cardiac angiography or coronary artery calcification screening repeated every 5 years between 50 and 74 years of age. LAR at the CCTA exposure age from repeated annual low-dose CT screenings for lung cancer is at least 3 times higher than the CCTA-related LAR of lung cancer. For women between 50 and 65 years of age, biennial mammographic screening leads to almost double the LAR of breast cancer compared with CCTA, whereas for women Ͼ65 years of age, the breastscreening LAR is 7 times higher than the CCTA LAR. The RRs of lung cancer caused by CCTA exposure are 1.0032 and 1.0008 for women and men, respectively; corresponding values resulting from smoking are 12.8 and 23.2. 23 A CCTA scan may add 1.3 and 0.3 new cases to every 1000 natural breast cancer cases for women Ͻ50 and Ͼ65 years of age, respectively. Comparatively, the RRs if a first-or seconddegree relative is diagnosed with breast cancer are 2.1 and 1.5, respectively. 20
Discussion
Educating referring clinicians about CCTA-related radiation burden is imperative because the concerns about associated risks may often be exaggerated. 27 Besides, the rapid and continuous technological advances in CT, the differences in CCTA-performing practices, and recent changes relative to organ radiosensitivity 15 necessitate improved dosimetric understanding of and vigilance toward the radiation risks, and interest should be focused on realistic patient cohorts examined with current technology. 28, 29 The radiation-induced cancer LARs presented here are theoretical extrapolated risks based on the radiogenic cancer risk models described in BEIR VII and ICRP 103 reports. 14, 15 Radiogenic factors applicable for doses Ͻ10 mSv reported in the BEIR VII and ICRP reports have been derived from the so-called linear, no-threshold (LNT) hypothesis, combined with an uncertain dose and dose-rate effectiveness factor for extrapolation from high to low absorbed radiation doses. The BEIR VII methodology thus provides projected LARs of radiation-induced cancer for exposed individuals of any age and gender. Although the existence of a low-dose threshold for cancer induction is not implausible and the longstanding question of the true validity of the LNT hypothesis may well prove to be beyond definitive scientific resolution, the LNT model remains a prudent basis for the practical purposes of radiological protection at low doses and low dose rates. 14, 15, 30 Effective dose and radiogenic cancer risk estimates recently reported in literature for 256-and 64-slice CCTA are presented in Table 4 . Current DLP-derived effective dose and radiogenic risk estimates are in good agreement with corresponding results obtained with similar 256-slice scanners. 3, 5, 7 The effective dose from CCTA performed on 256-slice scanners in the prospective mode is Ϸ4 times lower than corresponding values for studies performed on 64-slice CT scanners in the retrospective mode. Consistent with published data, 31 CCTA-related cancer LAR is markedly higher for women and decreases with patient age, as shown in Figure 2 , with the decrease being much steeper for women. This is attributed to the inclusion of the female breast in the primarily exposed body region. Female breast is highly radiosensitive 15 in young adults; its radiosensitivity drops abruptly with age. 14 Several methods have been proposed to reduce the dose to the female breast from thoracic CT exposures such as the use of bismuth shields and, more recently, switching off the CT beam when the tube is rotating anteriorly. 32 However, the applicability of these tools in CCTA examinations has not been tested. Despite the low LARs of cancer associated with a typical CCTA patient cohort, which is skewed in age to older individuals (Ͼ50 years of age), young adult women (Ͻ30 years of age) undergoing CCTA face 2 to 4 times higher LAR of radiogenic cancer.
The RRs of lung cancer estimated for the women and men studied (1.0032 and 1.0008, respectively) and the estimated RR of breast cancer (1.0005 for women 50 to 65 years of age) indicate that CCTA exposure results in an inconsequential increase in the natural breast and lung cancer incidence rates. Estimates also suggest that the CCTA LAR compares favorably with similar risks such as those involved in diagnostic coronary angiography and in screening procedures that expose asymptomatic populations to ionizing radiation. Caution should be used, however, when comparing radiation burden from alternative imaging tests that refer to disparate groups. Although there are no solid data available that support that CCTA conveys a clear clinical benefit, the small projected LAR of cancer induction resulting from CCTA can be charily Table 2 is continued on the following page. CC indicates chest circumference. Data refer to patients undergoing CCTA and are presented as meanϮSD (range). *CTDI vol and DLP were obtained from operator's console for the selected exposure settings.
weighed against the risks of not performing the study. For example, the lifetime risk of developing coronary artery disease after 40 years of age is 52% for asymptomatic men. 26 If the entire US male population between the ages of 50 and 65 years (21 million people) were subjected to a prospectively ECG-gated 256-slice CCTA, the estimated total increase in cancer incidence would be just 1470 cases (This number would be much smaller if only symptomatic men with an intermediate likelihood of having coronary artery disease underwent CCTA). However, if the CCTA is not performed, the result may be failure to administer to those in need the appropriate treatments that could improve medical outcomes. Approximately 98 942 male US citizens 35 to 74 years of age died in 2006 of coronary artery disease, 33 which means that they did not live long enough for hypothetical malignancies caused by earlier radiation exposure to develop. Nevertheless, it has to be stressed that a decision for performing CCTA on an individual should be always grounded on a careful clinical judgment according to relevant appropriateness criteria 34 and guidelines. 35 DLP-based estimates of effective dose have been used extensively to quantify and report radiation burden to patients undergoing CCTA. However, reported doses exhibit great variation, 2,4,7,36,37 thus enhancing confusion. Apart from dif-ferences in CCTA-performing practices and technological characteristics, 37 variations may also be attributed to the use of different DLP-to-effective-dose conversion factors. As recently reported, conversion coefficients ranging from 0.014 to 0.018 mSv ⅐ mGy Ϫ1 cm Ϫ1 have been proposed and used, 38 resulting in variations of effective dose estimates up to 29%. Moreover, the use of effective dose to determine LARs for radiation-induced cancer from CT exposures has been reported to be problematic. 11, 39 In the present study, the CCTA LARs of radiogenic cancer for women estimated from the DLP-derived effective dose data were found to approximate the total LAR of cancer induction estimated from calculated organ dose data. For men, however, the DLP method overestimated CCTA radiation LARs by a factor Ͼ2. Given that the majority of individuals, up to Ͼ70%, undergoing CCTA are men, 37 the latter method significantly overestimates radiogenic cancer LARs for the patient cohort commonly referred for CCTA. Observed differences also highlight the need for adopting sex-specific DLP-to-effective-dose conversion coefficients.
⌻he small number of patients scanned with the retrospective protocol constitutes a study limitation. Despite, however, the small sample size, the observed relative variations in doses reported are minor and consistently smaller than those Figure 2 . Total cancer LAR vs patient age for men and women subjected to either a prospectively or retrospectively ECG-gated CCTA scan. obtained with the prospective protocol (eg, 8% versus 13% relative to breast dose, as shown in Table 2 ). This work focused on the angiographic acquisition solely, not on a comprehensive cardiac study. In our protocol, calcium scoring is accomplished only if explicitly requested, whereas low-dose topogram, bolus tracking localizer, and contrast monitoring acquisition increase the reported DLP-derived effective dose by Ͻ10%. Reported organ dose data are applicable to patients undergoing 256-slice CCTA with a scanning length of Ϸ125 mm and a tube voltage setting of 120 kVp. Although these settings were proven to be adequate for all 136 patients participating in this study, obese or large patients may require a greater scanning length or a higher operating tube voltage. In the present study, however, adjustment of exposure parameters to account for different patient body sizes was limited to the milliampere value. Only 3 organs were used for radiogenic cancer LAR assessment, leading to a slight underestimation of the total LAR. Accord-ing to LAR estimates in 16-slice CCTA, 40 lung and breast cancer account for 84% of all solid cancers in women; for men, lung cancer contributes 79% to solid cancer risk. Uncertainties related to organ dose estimation such as the potential variability of the manual tracing of the organ contours on the original CT images and assumptions inherent in the cancer risk model used inevitably limit the accuracy of the reported results. Nevertheless, the proposed methodology negates the main limitation of dose estimation methods based on standardized phantoms allowing individualized dosimetry and risk assessment.
Conclusions
The total projected LAR of radiation-induced cancer in a typical clinical patient cohort undergoing routine prospectively ECG-gated CCTA with a 256-slice scanner was estimated to be 24.9 per 100 000 women (ie, Ͻ1 in 4000) and 7.3 per 100 000 men (ie, Ͻ1 in 13 500). Given that CCTA- related LARs of radiogenic cancer depend significantly on patient age, sex, and body habitus, individualized risk assessment based on organ dose calculations should be preferred against risk evaluation based on DLP-derived patient effective dose.
